Background: Combination antiretroviral therapy (cART) has reduced mortality from AIDS-related illnesses and chronic comorbidities have become prevalent among HIV-infected patients. We examined the association between hepatitis C virus (HCV) co-infection and chronic kidney disease (CKD) among patients initiating modern antiretroviral therapy. Methods: Data were obtained from the Canadian HIV Observational Cohort for individuals initiating cART from 2000 to 2012. Incident CKD was defined as two consecutive serum creatinine-based estimated glomerular filtration (eGFR) measurements <60 mL/min/1.73m 2 obtained ≥3 months apart. CKD incidence rates after cART initiation were compared between HCV co-infected and HIV mono-infected patients. Hazard ratios (HRs) and 95% confidence intervals (CIs) were estimated using multivariable Cox regression.
Background
Combination antiretroviral therapy (cART) has been associated with both a substantial reduction in AIDS and greater life expectancies in both low and high-income HIV settings [1] [2] [3] . With increasing life expectancies, morbidity and mortality from non-AIDS and ageingrelated co-morbidities account for a larger proportion of the HIV disease burden [4] . Co-infection with chronic hepatitis C virus (HCV) is common among HIV-infected patients and is associated with many of the extrahepatic, non-AIDS and ageing-related co-morbidities observed in this population [5] . These co-morbidities include cardiovascular, metabolic, renal, and neurological illnesses, which have been attributed to chronic HCV infection in both the general and HIV-infected populations [6] [7] [8] . Indeed, the diagnoses of these extrahepatic illnesses have increased among hospitalized patients with HCV and account for a greater proportion of health service utilization among co-infected individuals [9, 10] .
Chronic kidney disease (CKD) is an important comorbidity in HIV-infected persons [11] . If left unmanaged, HIV-infected patients with CKD are at greater risk of serious cardiovascular complications and premature mortality [12] [13] [14] . The etiology of CKD in HIV-infected patients is complex and has been related to both traditional, non-viral kidney impairment risk factors, such as hypertension, diabetes, dyslipidemia, and the use of nonsteroidal anti-inflammatory drugs (NSAIDs), whose prevalence have all increased in the modern cART era, as well as emerging HIV-related risk factors, such as long-term use of potentially nephrotoxic antiviral agents, incomplete immune recovery, and ongoing substance abuse [15] [16] [17] . Chronic HCV has been both directly and indirectly implicated in the development of CKD. Directly, HCV has been associated with the development of glomerulonephritis, via increased autoantibody IgM production with rheumatoid factor activity, leading to mixed cryoglobulinemia and deposition into glomerular capillary and tubules [18, 19] . Indirectly, HCV has been associated with an increased risk of insulin resistance and atherosclerosis, which are important CKD risk factors [20] .
Given the complex interplay between viral and nonviral risk factors, the impact that chronic HCV may have on CKD in the modern cART era is unclear. A metaanalysis of 27 studies in HIV-infected individuals enrolled between 1989 and 2006 showed that HCV infection was associated with an increased risk of CKD. However, there was both statistical heterogeneity and variation in measured outcomes (i.e. CKD measured by proteinuria, hospitalization, incidence of HIV-associated nephropathy (HIVAN), or increased creatinine concentration), as well as no adjustment for confounding [21] . Studies included a combination of treatment-naïve and experienced patients, including treatment with indinavir, and therefore may no longer be representative of the HIV-infected population currently in clinical care. The objective of this study was to determine if HCV coinfection is associated with an increased risk of incident CKD in a cohort of HIV-infected Canadians initiating modern antiretroviral therapy.
Methods

Study population
Data were analyzed from the Canadian Observational Cohort (CANOC) [22] . This retrospective HIV cohort study is a collaboration of eight separate population and clinic-based cohorts from Canada's largest provinces. Briefly, treatment-naïve HIV-infected patients who have initiated cART since January 1st, 2000, are eligible for inclusion. The cohort is broadly representative of the HIV population accessing treatment and comprises approximately half of all individuals who have initiated cART in Canada since 2000 [22] . Every second year, each participating cohort electronically submits a pre-defined series of demographic, clinical, and HIV treatment variables for their patients to the Data Coordinating Site at the British Columbia Centre for Excellence in HIV/AIDS Research. As of December 31st, 2012, 8980 cART initiators have been included in CANOC. All participating cohorts have received approval from their institutional ethics boards to contribute anonymous patient data to CANOC.
Study design and inclusion criteria
A longitudinal cohort design was employed to examine the association between HCV co-infection and incident CKD. We defined baseline as the date of cART initiation and we included all individuals who (1) had at least one serum creatinine (SCr) measurement within 30 days prior to starting cART or up to 7 days after, (2) had at least two follow-up SCr measurements, at least 90 days apart, and (3) did not have a baseline estimated glomerular filtration rate (eGFR) measurement <60 mL/min/ 1.73 m 2 (see below).
Chronic kidney disease
We calculated eGFR using the 2009 SCr-based CKD-EPI equation [23] . This equation has been validated in HIVinfected populations [24] . Confirmed incident CKD was defined as two consecutive eGFR measurements <60 mL/min/1.73 m 2 , obtained at least 90 days apart. The CKD event date was on the second of the two required eGFR measurements.
Study covariates
HCV exposure was ascertained by a positive HCV antibody test, qualitative or quantitative HCV RNA analysis, or physician reporting. HCV exposure was considered time-fixed irrespective of when the diagnosis or testing results were reported, as HCV infection precedes cART initiation in the vast majority of HIV-infected Canadians [25] . African/Caribbean ethnicity and injection drug use (IDU) as an HIV risk factor were obtained by patient self-report at baseline from patients in the Ontario HIV Treatment Network Cohort Study, from enrolment forms into the Drug Treatment Program in British Columbia, or from review of medical charts for other cohorts. Diabetes was defined by either clinical diagnoses or random serum glucose ≥11.1 mmol/L. Hypertension was also defined by either clinical diagnoses or systolic blood pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg [26] . Liver fibrosis was measured using the aspartate aminotransferase-to-platelet ratio index (APRI) and values ≥1.5 were indicative of moderate fibrosis [27] . AIDS-defining events were defined based on the 1993 Centers for Disease Control and Prevention classification [28] .
Statistical analyses
Eligible patients were followed from baseline (i.e. cART initiation) until the earliest of (1) incident CKD, (2) death, (3) loss-to-follow-up, or (4) study end date of December 31st, 2012. Person-time for individuals without CKD was censored at the date of the last eGFR measurement or date of death. Cumulative incidence curves were created to explore the association between HCV and CKD-free survival [29] . Univariable and multivariable Cox proportional hazards (PH) models were fit to examine the association between HCV co-infection and CKD. The multivariable model was adjusted for baseline age, sex, African/Caribbean ethnicity, eGFR, and year of cART initiation and time-updated measurements of CD4 + cell count, HIV viral load, liver fibrosis, and tenofovir, atazanavir, and lopinavir use. A second model additionally adjusted for time-updated diabetes and hypertension. Covariates were selected a priori based on their plausibility as confounders. As there was evidence of non-linearity between age and baseline eGFR with CKD, we modeled these covariates with linear splines with a single age knot at 40 years and a single baseline eGFR knot at 100 mL/min/1.73 m 2 [30] . Chronic comorbid conditions of liver fibrosis, diabetes and hypertension were modeled as cumulative binary exposures and the antiretroviral agents were modeled as cumulative use. We explored interaction between HCV co-infection and IDU as an HIV risk factor, as previous research has shown poorer clinical outcomes for this group [31] . Missing covariate data for HCV co-infection, African/ Caribbean ethnicity, liver fibrosis, diabetes and hypertension was handled using fully conditional specification multiple imputation (MI) [32] . The imputation model included all covariates in the multivariable model, an indicator for CKD, and a measure of the cumulative baseline hazard using the Nelson-Aalen estimator [33] . We created 10 imputed data sets and combined regression results using Rubin's rules [32] .
We also performed several sensitivity analyses. First, given there were a large proportion of patients without a baseline eGFR that were excluded from the analysis, we used inverse-probability weighting to account for the fact that certain patients were under-represented in our analytical cohort [34] . Second, because there is a strong relationship between increasing age and declining kidney function, we considered using age as the time scale in the primary Cox PH model. Third, we considered reclassifying exposed co-infected person-time based on the date of first positive HCV serologic or molecular test, rather than assume patients were initially co-infected [35] . Lastly, given the large number of missing data on hypertension, we examined the sensitivity of the missing at random MI assumption [36] . STATA version 13.1 (College Station, TX) and SAS version 9.4 (Cary, NC) were used for the analyses.
Results
Of the 8980 patients who initiated cART between January 1st, 2000, and December 31st, 2012, 2595 (29%) were eligible for inclusion into our study (Fig. 1 ). Most patients were excluded (64%) because they did not have a baseline SCr measurement. Excluded individuals were more likely to be female, white, HCV co-infected, report IDU as an HIV risk factor, and used tenofovir-based initial cART regimen (see Additional file 1: Table S1 ).
Baseline patient characteristics, overall and stratified by HCV co-infection, are presented in Table 1 . Most of the study patients were male (85%) and the median age . Among the 2595 included patients, 2462 (95%) were screened for HCV. Of these, 484 (20%) were co-infected, with 107 (22%) could be confirmed as having chronic HCV with molecular HCV RNA testing. Compared to HIV monoinfected, co-infected patients were older, less likely to be male or of African/Caribbean ethnicity, more likely to have a history of IDU and have liver fibrosis, less likely to be on a tenofovir-based initial cART regimen and had lower baseline CD4 + cell counts. Of the 2595 patients in the study, 150 (6%) developed incident CKD over a total of 10,903 person-years of follow-up (PYFU). The overall crude incidence rate was 13.8 per 1000 PYFU (95% confidence interval (CI): 11.7, 16.1). The median follow-up time was 3.5 years (IQR: 1.7, 6.1). Of the 2445 patients who were censored without developing CKD, 141 died (6%), 576 were lost-tofollow-up (23%), and the remaining 1728 were administratively censored (71%).
Incidence rates for CKD stratified by demographic and clinical characteristics are presented in Table 2 . Crude rates were higher in females, older age groups, nonAfrican/Caribbeans, individuals with IDU as an HIV risk factor, and those with a lower baseline eGFR. CKD incidence did not increase with calendar time. The incidence of CKD among co-infected patients was substantially higher than the rate among HIV monoinfected patients; 26.0 per 1000 PYFU (95% CI: 20.0, 33.8) and 10.7 per 1000 PYFU (95% CI: 8.7, 13.2), respectively. The median follow-up time was similar in both groups. The incidence rate of CKD among those with an unknown HCV status was similar to the HIV mono-infected group (11.1 per 1000 PYFU; 95% CI: 4.6, 26.7). Figure 2 depicts the cumulative incidence function for CKD by HCV co-infection status. Among coinfected, the five-year cumulative risk of CKD after initiating cART was 11%, compared to 5% among HIV mono-infected patients.
In univariable analysis, HCV co-infection was significantly associated with CKD (hazard ratio (HR) Results from all sensitivity analyses were quantitatively similar to the main findings. With an inverseprobability weighted sample to account for potential selection bias, the adjusted HR for HCV co-infection was similar (HR 2.01; 95% CI: 1.34, 3.01; see Additional file 1: Table S2 ). When using age as the time scale, rather than time from cART initiation, the adjusted HR increased slightly (HR 2.14; 95% CI: 1.44, 3.20; see Additional file 1: Table S3 ). When we considered person-time prior to a patient's first positive HCV antibody or molecular test to be unexposed, the adjusted effect estimate was slightly attenuated (HR 1.82; 95% CI: 1.22, 2.73). Estimates from our additional MI scenarios, where we assumed missing data patterns for hypertension depended on unobserved data, were robust to our missing data assumptions (see Additional file 1: Table S4 ).
Discussion
In this analysis of HIV-infected individuals initiating cART, we found that HCV co-infection was associated with a shorter time to incident CKD using a confirmed eGFR-based definition. This finding was independent of traditional CKD risk factors, which have become more prevalent in HIV-infected patients in the modern cART era [15] . Results were consistent for all sensitivity analyses using different estimation techniques. The adjusted effect size for HCV coinfection was relatively larger than other important CKD risk factors such as hypertension, diabetes, and exposure to nephrotoxic agents, such as tenofovir, atazanavir and lopinavir/ritonavir. These findings support the current guidelines for the diagnosis and management of CKD among HIV patients, which recommend annual monitoring of kidney function among those co-infected with HCV [37] . Identification of HIV patients at greatest risk of developing CKD will help targeted implementation of preventative and therapeutic strategies to slow renal function decline and determine which patients may benefit to switching newer cART regimens with safer renal profiles [38] . This is the first study to estimate the incidence of CKD among HIV-infected patients after initiating cART, which we estimated at 14 per 1000 PYFU. Previous studies have included a combination of treatment-naïve and experienced patients [39, 40] , failed to use a confirmatory eGFR measurement [41, 42] , or did not perform multivariable analyses [43] . Generally, results from our study were consistent with findings from other observational HIV cART combination antiretroviral therapy, CI confidence interval, eGFR estimated glomerular filtration rate cohorts. In a follow-up of HIV patients enrolled in the Strategies for Management of Antiretroviral Therapy trial, co-infected patients were 72% more likely to develop CKD and end-stage renal disease (ESRD), relative to HIV mono-infected patients [44] . This study also found that hepatitis B virus co-infection was also strongly associated with CKD and ESRD, which we did not observe in our analysis (data not shown). An analysis of data from EuroSIDA, which had a similar CKD incidence rate (15 per 1000 PYFU) as observed in CANOC, also demonstrated a two-fold increase in the risk of eGFR-based CKD for HCV co-infected patients, although there was no evidence of a dose-response relationship with increasing HCV viral load [40] . In the Women's Interagency HIV Study, HCV co-infection was associated with a decline in eGFR among women with existing CKD, suggesting our findings are not restricted to males who make up the majority of participants in observational HIV cohorts [39] .
In our analyses, we identified several additional CKD risk factors such female sex, increasing age, lower eGFR at treatment initiation, increasing HIV viral load, and cumulative exposure to tenofovir and lopinavir, which have previously been identified [45, 46] . Unlike other settings in North America, however, we did not find an association between African/Caribbean ethnicity and incident CKD [47, 48] . African/Caribbean patients in CANOC were less likely to be co-infected and started cART at a younger age (median 37 years vs. 40 years), compared to non-African/Caribbean individuals. It is likely that this reduced risk in CKD among African/Caribbean individuals observed in this study can be attributed to the use of cART which substantially reduces the risk of HIVAN, a common consequence of untreated HIV infection in this population [49] . There are several possible mechanisms by which HCV increases the risk of CKD. Declines in renal function could be brought about HCV-induced glomerular diseases, namely membranoproliferative glomerulonephritis, which is driven by deposition of mixed immune complexes in the glomerular units of the kidney [8] . Indeed, a biopsy study of 249 HIV patients with CKD found that co-infected patients were twice as likely to have histopathologic evidence of immunecomplex glomerulonephritides, compared to HIV mono-infected patients [50] . Alternatively, HCV coinfection may be associated with CKD by increasing the prevalence of traditional CKD risk factors. In HIV-infected populations, co-infection has been associated with insulin resistance [51] and increases in carotid intima-media thickness and atherosclerosis [52] , early markers for diabetes and cardiovascular disease, respectively. Lastly, as with HIV, there is evidence that persistent HCV replication can result in systematic inflammation and immune activation leading to endothelial dysfunction, which is prevalent in patients with severe renal failure [53, 54] .
As with previous research, we were unable to account for the possible role that current IDU practices may have on CKD. Active IDU is prevalent among co-infected individuals and has been associated with increases in serum creatinine concentration [55] . Previous research in coinfected populations have demonstrated that frequent use of injection cocaine, a known nephrotoxic stimulant, may explain part of the association between chronic HCV and CKD observed in previous studies [56] . In our analysis, IDU as a HIV risk factor was strongly collinear with HCV co-infection and therefore not included in multivariable analyses. Furthermore, past IDU is often a poor proxy and imperfect measure for current IDU behaviour. In the Canadian Co-Infection Cohort, for example, 81% of participants have an IDU risk factor, but only 34% remained active users [25] . We found no evidence, however, that the role of HCV co-infection differed between those with and without a past IDU risk factor, as has been suggested for HIV treatment outcomes, such as virologic suppression, CD4 + recovery and all-cause mortality [31] . Co-infected patients may also experience higher levels of additional CKD risk factors, such as NSAID use, smoking, alcohol abuse, and food insecurity, compared to HIV monoinfected patients. These variables were not available in CANOC and thus we cannot ascertain how much they contribute to our observed association.
If HCV co-infection is an important driver of CKD in HIV-infected patients in the modern cART era, then CKD is an extrahepatic complication that can potentially be impacted with wider uptake of HCV treatment with new direct acting antivirals. Indeed, a recent study found that HCV-HIV co-infected responders who were successfully treated with pegylated-interferon and ribavirin had a 60% reduction in the risk of renal events, compared to individuals who failed treatment [57] . These findings provide further evidence of a direct effect of ongoing HCV viral replication on CKD etiology in HIV-infected populations.
Our study has several limitations. First, we excluded a large proportion of patients who did not have a baseline serum creatinine measurement. These patients, who were more likely to be female, white and be HCV co-infected, were excluded because we could not determine if they had prevalent CKD at cART initiation. In a sensitivity analyses where included patients were weighted by their inverse-probability of being selected into the analysis, we found little evidence of selection bias as a result of our exclusion criteria. Second, the use of a single HCV antibody serology, without RNA testing confirmation, as part of the HCV exposure definition may result in misclassification, as approximately 20% of individuals will spontaneously clear their HCV infection within a year of exposure and will no longer be viremic. This misclassification is likely non-differential with respect to time to incident CKD and biases our findings towards the null. Third, CANOC patients exposed to HCV may have subsequently initiated treatment and could have developed a sustained virologic response. We expect this misclassification of person-time to be small as both the uptake of HCV treatment and SVR rates among HIV coinfected patients in the pre direct-acting antiviral era are low [25] . Fourth, given the asymptomatic nature of chronic HCV infection, we assumed HCV infection was present at baseline and subjects did not seroconvert after starting cART even if their first positive test or diagnosis occurred after treatment initiation. This assumption may not be valid if subjects engaged in high-risk behavior after starting cART, however previous studies have shown that HCV infection is often acquired prior to starting treatment and seroconversion is relatively rare when on stable cART [25, 58] . Fifth, we had no information regarding quantitative HCV viral load to further evaluate the association between viral replication and CKD, as has been suggested earlier [44] . This has limited our ability to assess the plausibility of HCV as an etiologic CKD risk factor. Finally, we did not have data on proteinuria measurements preventing the use of more rigorous CKD staging definitions [59] .
Conclusions
The risk of CKD was more than two-fold greater in HCV co-infected compared to HIV mono-infected patients. Whether this risk is a solely a direct effect of HCV viral replication or is in part related to other associated risk factors, such as IDU, remains to be determined. Regardless, HCV-HIV co-infected individuals should be regularly screened for CKD to identify those who may require modifications to potentially nephrotoxic HIV treatments and those who may benefit from interventions to reduce further decline in kidney function such as HCV treatment with new direct-acting antiviral therapy.
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